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Infecting the insect cell line IPLB-Ld652Y with the baculovirus Autographa californica multinucleocapsid nucleopolyhedrovirus
(AcMNPV) results in global translation arrest, which correlates with the presence of the AcMNPV apoptotic suppressor, p35. In this study,
we investigated the role of apoptotic suppression on AcMNPV-induced translation arrest. Infecting cells with AcMNPV bearing
nonfunctional mutant p35 did not result in global translation arrest. In contrast, global translation arrest was observed in cells infected with
AcMNPV in which p35 was replaced with Opiap, Cpiap, or p49, baculovirus apoptotic suppressors that block apoptosis by different
mechanisms than p35. These results indicated that suppressing apoptosis triggered translation arrest in AcMNPV-infected Ld652Y cells.
Experiments using the DNA synthesis inhibitor aphidicolin and temperature shift experiments, using the AcMNPV replication mutants ts8
and ts8Dp35, indicated that translation arrest initiated during the early phase of infection, but events during the late phase were required for
global translation arrest. Peptide caspase inhibitors could not substitute for baculovirus apoptotic suppressors to induce translation arrest in
Ld652Y cells infected with a p35-null virus. However, if the p35-null-AcMNPV also carried hrf-1, a novel baculovirus host range gene,
progeny virus was produced and treatment with peptide caspase inhibitors enhanced translation of a late viral gene transcript. Together, these
results indicate that translation arrest in AcMNPV-infected Ld652Y cells is due to the anti-apoptotic function of p35, but suggests that rather
than simply preventing caspase activation, its activity enhances signaling to a separate translation arrest pathway, possibly by stimulating the
late stages of the baculovirus infection cycle.
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Introduction oped virions occluded in a polyhedrin-protein matrix.Baculoviruses are large DNA viruses that infect inverte-
brates, primarily the larval stages of insects. Most baculo-
virus species infect a single or a few closely related host
species. Therefore, baculovirus-infected insects and cultured
insect cells are good models for investigating the molecular
mechanisms that control virus host range. During infection,
two different morphological forms of virus are produced
that have different properties and play different roles in the
virus lifecycle (reviewed in Federici, 1997). Insect larvae
are infected when they ingest polyhedral inclusion bodies
(PIBs) containing occlusion-derived virus (ODV), envel-0042-6822/$ - see front matter D 2004 Published by Elsevier Inc.
doi:10.1016/j.virol.2003.11.003
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E-mail address: smthiem@msu.edu (S.M. Thiem).Infected cells produce budded virus (BV), which spreads
the infection from cell to cell, within the infected larvae. BV
is also the form that is infectious for cultured insect cells.
Both forms of the virus are produced in an infected cell in a
temporally regulated manner. Early in infection BV is
produced and released from the cell by budding through
the cell membrane. Later in infection, nucleocapsids are
retained in the nucleus where they are enveloped and
occluded to produce PIBs, which are released following
cell lysis. These are released to the environment to spread
the virus to new hosts upon larval death. Efficient infection
by both forms of the virus contributes to the realized virus
host range of baculoviruses in their insect hosts.
Although the baculovirus Autographa californica multi-
nucleocapsid nucleopolyhedrovirus (AcMNPV) has a rela-
tively broad host range for a baculovirus, it does not infect the
gypsy moth, Lymantria dispar, or the L. dispar cell lines
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1986). AcMNPV infection of Ld652Y cells causes a cyto-
pathic effect (McClintock et al., 1986). Protein synthesis is
gradually attenuated until all translation ceases between 12
and 16 h postinfection (pi). Despite the global shut-off of
translation, all temporal classes of viral mRNAs are tran-
scribed and viral DNA is replicated (Guzo et al., 1992;Morris
and Miller, 1992, 1993). The viral mRNAs produced are
functional and can be translated in vitro (Guzo et al., 1992).
Hrf-1, a host range gene encoded by L. dispar multinucleo-
capsid nucleopolyhedrovirus (LdMNPV), prevents transla-
tion arrest in AcMNPV-infected Ld652Y cells (Thiem et al.,
1996). A recombinant AcMNPV bearing hrf-1, vAchrf-1,
replicated in Ld652Y cells with similar kinetics as AcMNPV
in permissive Sf21 cells (Du and Thiem, 1997a). Moreover,
vAchrf-1 PIBs productively infected gypsy moth larvae by
the normal oral route of infection (Chen et al., 1998). The
addition of hrf-1 also improved the oral infectivity of
AcMNPV for Helicoverpa zea, a species that is relatively
resistant to AcMNPV infection (Chen et al., 1998). Thus,
inserting hrf-1 into the AcMNPV genome altered the infec-
tivity of both BVand ODV forms of AcMNPV. The concep-
tual hrf-1 protein has no recognizable motifs that suggest how
it might function. The only homologue identified in database
searches to date is another baculovirus gene, an Orgyia
pseudotsugata M NPV ORF, encoding a predicted carboxy-
terminal truncated protein one-third the size of LdMNPV hrf-
1 (Ahrens et al., 1997). However, OpMNPV hrf-1 could not
substitute for LdMNPV hrf-1 to preclude translation arrest in
AcMNPV-infected Ld652Y cells or expand AcMNPV host
range to productively infect Ld652Y cells (Thiem et al.,
1996; Ikeda et al., unpublished data).
Baculovirus infection triggers apoptosis, programmed
cell death, in cells and tissues of various host species.
Because apoptosis functions as a host defense against virus
infection, the ability of baculoviruses to block apoptosis is
one factor that helps define their host ranges (Clarke and
Clem, 2003; Clem and Miller, 1993; Clem et al., 1991,
1994; Gershburg et al., 1997; Zhang et al., 2002a). Bacu-
loviruses thwart the hosts death program by encoding two
types of apoptotic suppressors p35-like proteins and iaps
(inhibitor of apoptosis), which function by different mech-
anisms (Clem, 2001). P35 functions as a suicide inhibitor of
caspases, a family of aspartic peptidases that are central for
both signal transduction and execution of the cellular death
pathways. P35 is a caspase substrate that remains bound to
the enzyme following cleavage, thus blocking further cas-
pase activity (Bertin et al., 1996; Bump et al., 1995; Xue
and Horvitz, 1995). P35 inhibits caspases in nematodes,
Drosophila, and in cell lines derived from diverse organ-
isms, including humans (Zhou et al., 1998). However, it
does not inhibit the Drosophila initiator caspase Dronc or
human caspase 9 (Jabbour et al., 2002; Zoog et al., 2002). A
second member of this family, p49, encoded by Spodoptera
littoralis nucleopolyhedrovirus (SlNPV) (Du et al., 1999),
also functions as a suicide substrate for caspases. P49 actsupstream of p35 in Sf21 cells and inhibits a Spodoptera
frugiperda caspase that is resistant to p35 inhibition (Zoog
et al., 2002). P49 also inhibits human caspase 9, an initiator
caspase. Iaps are characterized by an amino-terminal do-
main comprised of one or more baculovirus iap repeats
(BIR) and a carboxy-terminal ring-finger domain and reg-
ulate apoptosis via several mechanisms. They can prevent
the initiation of apoptosis by binding pro-apoptotic proteins
thereby preventing their activity. For example, baculovirus
iaps bind to the Drosophila pro-apoptotic proteins grim,
reaper, doom, and HID (Harvey et al., 1997; Hawkins et al.,
2000; Vucic et al., 1997, 1998). In addition to preventing the
activation of pro-apoptotic proteins, IAPs can inhibit cas-
pases directly (Devereaux et al., 1997,1998). IAPs target
themselves and other proteins for degradation via a ubiq-
uitin ligase activity associated with their ring-finger domain.
Interaction with pro-apoptotic proteins such as HID, reaper,
and grim apparently induces auto-ubiquitylation and degra-
dation by the proteosome (Ryoo et al., 2002). The Drosoph-
ila pro-apoptotic proteins, grim and reaper, regulate the
levels of iaps by an additional mechanism, a generalized
translation arrest (Holley et al., 2002; Salvesen and Duckett,
2002; Yoo et al., 2002). The mechanism responsible for
grim- and reaper-mediated translation arrest is not known.
In a previous study we, investigated the possible involve-
ment of hrf-1 in precluding apoptosis (Du and Thiem,
1997b). We analyzed the ability of recombinant AcMNPV
bearing different complements of p35 and hrf-1 to inhibit
apoptosis and to preclude translation arrest. We found that
hrf-1 could not substitute for p35 to suppress apoptosis in
AcMNPV-infected Ld652Y cells, indicating that hrf-1 was
not an apoptotic suppressor per se. However, we noted a
strong correlation between the presence of p35 and transla-
tion arrest. Cells infected with wt AcMNPV, which bears
p35, exhibited global translation arrest by 12-16 h pi, where-
as in cells infected with AcMNPV lacking p35 (vDp35),
translation arrest was delayed relative to cells infected with
wt AcMNPV and correlated with apoptotic death. Because
apoptosis correlated with AcMNPV late gene transcription
and DNA replication in Sf21 cells (LaCount and Friesen,
1997), we attempted to separate apoptosis from translation
arrest by inhibiting viral DNA replication with the DNA
synthesis inhibitor aphidicolin. In these experiments, trans-
lation was attenuated when Ld652Y cells were infected with
viruses bearing p35 except in those that also carried hrf-1.
These results suggested that p35 was responsible for trig-
gering translation arrest, that translation arrest involved both
early and late events, and that hrf-1 affected translation arrest
but not apoptosis in AcMNPV-infected Ld652Y cells.
In this study, we investigated whether the suppression of
apoptosis or some other previously undescribed function of
p35-induced global translation arrests in AcMNPV-infected
Ld652Y cells. We used recombinant AcMNPV bearing
mutant p35 or alternative baculovirus apoptotic suppressors
to evaluate the contributions of p35 and apoptotic suppres-
sion in inducing global translation global arrest. Peptide
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in inducing translation arrest. Experiments employing the
DNA synthesis inhibitor aphidicolin or temperature sensi-
tive AcMNPV replication mutants, and DNA dot-blot anal-
yses were used to investigate the role of late events in the
AcMNPV life cycle in global translation arrest. Our results
suggest that the anti-apoptotic activity of P35 and other
baculovirus apoptotic suppressors trigger global translation
arrest. Inhibiting caspases with peptide inhibitors did not
trigger translation arrest, suggesting that the mechanism by
which baculovirus apoptotic suppressors induced translation
arrest was more complex than simply inhibiting caspase
activity. Surprisingly, we found that vDp35hrf-1, AcMNPV
that lacked a viral apoptotic suppressor but carried hrf-1,
productively infected Ld652Y cells. These results suggest
that AcMNPV infection of Ld652Y cells triggers two
antiviral defensive mechanisms, apoptosis and translation
arrest, which are probably linked through common upstream
components of their signaling pathways.Results
Viral apoptotic suppressors but not peptide caspase
inhibitors trigger protein synthesis arrest
To determine if translation arrest in AcMNPV-infected
Ld652Y cells was due to the anti-apoptotic function of p35,
we infected Ld652Y cells with AcMNPV encoding mutant
p35 proteins that are unable to block apoptosis, and with
AcMNPV recombinants bearing apoptotic suppressors that
function by different mechanisms than p35 (Table 1). The
mutant p35 proteins were charge to alanine mutants, P35-
D87A and P35-D84A, in which aspartic acids residues at
the p35 caspase cleavage site were changed to alanine
(Bertin et al., 1996; Fig. 1A). P35 with the mutation
D87A is unable to function as a caspase inhibitor because
it cannot be cleaved. The p35 with the D84A mutation is
cleaved but does not inhibit apoptosis. To determine if
inhibiting AcMNPV-induced apoptosis by a different mech-Table 1
AcMNPV mutant and recombinant viruses used in this study
Virus Apoptotic suppressor hrf-1 Other fea
AcMNPV L1 p35  wild-type
vDp35 –  polh +
vP35-D87A mutant p35 nonfunctional  polh-lacZ
vP35-D84A mutant p35 nonfunctional  polh-lacZ
vDp35/Opiap Opiap  polh +
vDp35/Cpiap Cpiap  polh +
vDp35/p49 Splip49  polh +
vAchrf-1 p35 + polh +
vDp35/hrf-1 – + polh +
vDp35/hrf-1stop – truncated polh +
ts8 p35  ts viral D
ts8/Dp35 –  ts viral Danism would result in translation arrest, Ld652Y cells were
infected with vDp35Opiap (Table 1). Opiap can substitute
for p35 to inhibit apoptosis (Bertin et al., 1996), but
functions at a different step in the apoptotic pathway
(LaCount et al., 2000). Translation arrest was evaluated by
isotopically labeling the proteins synthesized in AcMNPV-
infected Ld652Y cells during three discrete time periods, 0–
4 h pi, when proteins are actively translated, 12–16 h pi, the
time period during which translation arrests, and 24–28 h pi,
when translation is globally arrested. As in wt AcMNPV-
infected Ld652Y cells, global translation arrest was ob-
served in vDp35Opiap-infected Ld652Y cells by 12–16 h pi
(Fig. 1B, compare lanes 5 and 6 with lanes 8 and 9). In
contrast, translation arrest was delayed in vP35-D87A- and
vP35-D84A-infected Ld652Y cells (Fig. 1B, lanes 11–18)
and correlated with apoptotic cell death as previously
observed in vDp35-infected Ld652Y cells (Du and Thiem,
1997b). The reduction in protein synthesis in Dp35-infected
cells at 12–16 and 24–28 h pi relative to levels of protein
synthesis in vP35-D87A and vP35-D84A at those time
points is due, at least in part, to insufficient protein loading
as determined by Coomassie Blue staining (data not shown).
When Ld652Y cells infected with these viruses were treated
with aphidicolin, translation was attenuated only when the
infecting virus bore a functional apoptotic suppressor, for
example, p35 or Opiap (Fig. 1C). Translation was not
arrested when cells were infected with AcMNPV that either
lacked p35, vDp35, or carried the mutated versions of p35
that could not block apoptosis, vP35-D87A, or vP35-D84A
(Fig 1C, note lanes 6 and 9). Global translation arrest was
also observed by 12–16 h pi in Ld652Y cells infected with
AcMNPV bearing either Cpiap or p49, in place of p35 (Fig.
1D, lanes 5,6, 8, and 9). Note that in cells infected with
vAchrf-1, the proteins synthesized at later time points are
typical of those synthesized AcMNPV-infected permissive
cell lines such as Sf21 or Tn368 cells (Fig. 1D, lanes 17 and
18) in which host gene expression is repressed in favor of
viral gene expression. Together, these data support the idea
that viral apoptotic suppression promotes global translation
arrest in AcMNPV-infected Ld652Y cells.tures Reference
virus Lee and Miller, 1978
Hershberger et al., 1992
+, mutated p35 is HAepitope tagged Bertin et al., 1996
+, mutated p35 is HAepitope tagged Bertin et al., 1996
Birnbaum et al., 1994
Crook et al., 1993
Du et al., 1999
Du and Thiem, 1997a
Du and Thiem, 1997b
Du and Thiem, 1997b
NA replication (p143 mutation), polh + Partington et al., 1990;
Lu and Carstens, 1991
NA replication (p143 mutation), polh + LaCount and Friesen, 1997
Fig. 1. Analysis of translation arrest in Ld652Y cells infected with AcMNPV bearing p35, mutant p35, or other baculovirus apoptotic suppressor. (A) The
caspase cleavage site in p35. Critical aspartic acid residues at the caspase-cleavage site are underlined. The site of cleavage is indicated by an arrowhead. The
specific aspartic to alanine residue mutations in vP35-D87A and vP35-D84A are shown below the p35 sequence with the sequence change underlined. (B)
Comparison of protein synthesis in Ld652Y cells infected with AcMNPV bearing Opiap or mutated p35 in place of wt p35, with that in AcMNPV- and vDp35-
infected cells. Proteins were isotopically labeled at three time intervals after infection. (C) Protein synthesis in the Ld652Y cells infected with the same viruses
as in panel B but in the presence of the DNA synthesis inhibitor aphidicolin. (D) The effects of substituting other known baculovirus apoptotic suppressors,
Cpiap and p49, for p35, on translation arrest in AcMNPV-infected Ld652Y cells. The infecting viruses are indicated above the autoradiograms, and details
about their genetic makeup are listed in Table 1. Protein synthesis was monitored by labeling infected cells with [35S]-methionine and [35S]-cysteine for 4-h
intervals, as indicated (a) 0–4 h pi, (b) 12–16 h pi, or (c) 24–28 h pi. The 5  105 cell equivalents were loaded per lane. Gel loading was monitored by
staining gels with Coomassie Blue before autoradiography (data not shown).
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suppression and translation arrest in AcMNPV-infected
Ld652Y cells, we substituted peptide caspase inhibitors
for viral apoptotic suppressors. These inhibitors block the
proteolytic activities of specific caspases, which are in-
volved in either the initiation of caspase cascades, or the
execution of apoptosis. Previous studies demonstrated that
peptide caspase inhibitors could substitute for p35 in
vDp35-infected Sf21 cells to promote AcMNPV replication
(Manji and Friesen, 2001). Ld652Y cells were infected with
vDp35 and treated with the caspase inhibitors z-DEVD-fmk
(DEVD), z-IETD-fmk (IETD), or z-VAD-fmk (VAD),
which collectively inhibit human caspases 1, 3, 4, 6, 7, 8,
10, and Granzyme B. As a negative control, cells were
treated with z-FA-fmk (FA), a cathepsin B inhibitor. Protein
synthesis was evaluated by isotopic labeling during the
same time periods as described for the recombinant virus
experiments above. We observed the cells at each time point
and did not see any outward signs of apoptosis, apoptotic
bodies, in any of the caspase-inhibitor-treated cells (data not
shown). Interestingly, in FA-treated cells, outward signs of
apoptosis were reduced relative to DMSO-treated cells. Thecells had a ‘‘raspberry-like’’ appearance. That is, they
rounded up and exhibited bleb-like extensions from the
cytoplasm. However, the cells did not break down com-
pletely into apoptotic bodies like the DMSO-treated con-
trols. There was little difference in protein synthesis
between any of the inhibitory peptide-treated cells, includ-
ing the FA-treated control, and Dp35-infected cells treated
with DMSO alone (Fig. 2). There was however a slight
difference in the protein-banding pattern in FA-treated cells
compared to all of the other treatments, including mock-
infected cells. The most notable differences were the ap-
pearance of two strong bands of approximately 72 and 64
kDa, not seen in the other treatments, and the attenuation or
disappearance of two other bands of approximately 35 and
30 kDa (Fig. 2, black arrowheads and white arrowheads,
respectively). Protein synthesis appeared to be slightly
reduced in DEVD-treated cells, but translation inhibition
did not approach the dramatic attenuation observed in
AcMNPV-infected cells (Fig. 2, compare lanes 2 and 3 with
lanes 5 and 6). There also appeared to be a slight reduction
in translation in DMSO-treated Dp35-infected cells during
the 24–28 h time point (Fig. 2, lane 18) relative to the
Fig. 3. Protein synthesis in Dp35-infected Ld652Y cells after extended
incubation with the peptide caspase inhibitor DEVD. Cells were infected
with either vDp35 or vDp35/hrf-1 and proteins synthesis was monitored by
1-h pulse labeling at the times indicated. Controls were vAchrf-1-,
AcMNPV-, and mock-infected cells treated with DMSO and vDp35- and
vDp35/hrf-1-infected cells treated with FA. Viruses and inhibitors are
indicated above the autoradiogram. Brackets indicate similar protein band
patterns observed in vAchrf-1-infected cells and vDp35/hrf-1-infected cells
treated with DEVD.
Fig. 2. Analysis of protein synthesis in peptide-caspase-inhibitor-treated
vDp35-infected Ld652Y cells. Ld652Y cells were infected with AcMNPV
or vDp35 and treated with various peptide caspase inhibitors, as indicated
above the lanes, and isotopically labeled for 4-h intervals as in Fig. 1, (a)
0–4 h pi, (b) 12–16 h pi, or (c) 24–28 h pi, mock infected cells were
labeled 24–28 h pi. Controls were mock-, AcMNPV-, and vDp35-infected
cells treated with DMSO and vDp35-infected cells treated with FA, a
peptide inhibitor of cathepsin B used as a caspase inhibitor negative control.
Viruses and inhibitors are indicated above the autoradiogram. Two protein
bands of approximately 72 and 64 kDa, unique to the FA-treated cells, are
indicated by white arrowheads, and the positions of two protein bands of
approximately 30 and 35 kDa that are faint or missing in FA-treated cells
are indicated by black arrowheads.
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sive apoptosis in these cells at this time point.
To better evaluate the effect of peptide apoptotic sup-
pressors on translation arrest, we reduced the pulse-labeling
times to 1 h and evaluated translation arrest at a later time
point, 35–36 h pi. For these experiments, only DEVD was
used, but both Dp35- and vAcDp35/hrf-1-infected cells were
examined. We reasoned that if the primary role of the
baculovirus apoptotic suppressors was to block apoptosis
as shown for AcMNPV-infected Sf21 cells (Manji and
Friesen, 2001), then DEVD should promote AcMNPV
production in Ld652Y cells in the presence of hrf-1. To
this end, we examined the cells for the production of
polyhedra and compared the protein-banding patterns with
vAchrf-1-infected cells. At the times examined, DEVD
neither induced translation arrest in Dp35-infected
Ld652Y cells (Fig. 3), nor did it appear to rescue AcMNPV
infection in vDp35hrf-1-infected cells, as judged by the
absence of polyhedra in infected cells (data not shown).
However, the protein-banding pattern in DEVD-treated cell
infected with vDp35hrf-1 at the 23–24 h labeling was
similar to the protein-banding pattern in vAchrf-1-infected
cells at 11–12 h pi (Fig. 3, compare bracketed bands inlanes A1 and B6). This indicated that unlike baculovirus
apoptotic suppressors, DEVD did not trigger translation
arrest in Dp35-infected Ld652 cells. However, it might be
able to substitute for p35 to promote at least limited
AcMNPV replication in the presence of hrf-1 (see below).
Protein synthesis was more robust in FA-treated cells than in
either DEVD- or DMSO-treated cells in cells infected with
either virus (Fig. 3, lanes 3 and 7), suggesting that transla-
tion arrest might involve cathepsin B, which is inhibited by
FA. Together, these studies indicate that the anti-apoptotic
function of p35 is necessary to trigger translation arrest in
AcMNPV-infected Ld652Y cells. However, because treat-
ment with peptide-caspase inhibitors did not induce trans-
lation arrest, the role of baculovirus apoptotic suppressors in
inducing translation arrest appears to be more complex than
simply inhibiting caspase activity.
Fig. 4. Protein synthesis in Ld652Y cells infected with temperature
sensitive AcMNPV replication mutants ts8 or ts8/Dp35, as indicated above
the lanes in the autoradiogram. Infected cells were incubated at the
permissive temperature (24 jC) until the times indicated, by a dash and a
numeral following the virus name, and then shifted to the nonpermissive
temperature (33 jC). Protein synthesis was evaluated by pulse labeling with
[35S]-Met and Cys for 2 h at the nonpermissive temperature. Mock-infected
and ts8-infected controls were incubated at either 24 or 33 jC for the
duration of the experiment.
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Our previous studies, which employed the DNA synthe-
sis inhibitor aphidicolin, demonstrated that translation was
attenuated when progression to the late stage of infection
was blocked in Ld652Y cells infected with AcMNPV,
which bears p35 (Du and Thiem, 1997b). Translation was
not attenuated in aphidicolin-treated cells if the virus also
carried hrf-1 or if the cells were infected with vDp35. Global
protein synthesis arrest did not occur in any of the aphidi-
colin-treated cells, indicating a requirement for viral DNA
replication or another late event in the virus life cycle.
Similar results were observed in Ld652Y cells infected with
vDp35/Opiap (Figs. 1B, C). Because aphidicolin could
potentially affect other cellular functions, we examined the
roles of viral DNA synthesis and p35 on translation arrest
using AcMNPV temperature-sensitive-mutants ts8 (Lu and
Carstens, 1991) and ts8/Dp35 (LaCount and Friesen, 1997).
These viruses have a mutation in the viral DNA helicase,
p143, which prevents viral DNA replication at the nonper-
missive temperature 33 jC. Ld652Y cells were infected
with either ts8 or ts8/Dp35 and incubated at the permissive
temperature 24 jC for various lengths of time. The infected
cells were then shifted to the nonpermissive temperature,
and protein synthesis was evaluated by metabolic labeling
with 35S-methionine (Fig. 4). Translation arrest was first
observed by 8 h pi in ts8-infected cells, which correlates
with the onset of the late stage of the AcMNPV life cycle. In
contrast, translation arrest was not observed in ts8/Dp35-
infected cells at any of the times examined. Consistent with
aphidicolin experiments, global translation arrest correlated
with the onset of viral DNA replication and required the
presence of p35.
Baculovirus apoptotic suppressors and caspase inhibitors
support viral DNA replication
To directly examine the effect of baculovirus apoptotic
suppressors on AcMNPV DNA replication, we infected
Ld652Y cells with AcMNPV bearing different baculovirus
apoptotic suppressors (Table 1) and monitored AcMNPV
DNA synthesis by dot-blot analysis over time (Fig. 5A).
Viral DNA replication was stimulated in all of the Ld652Y
cells infected with AcMNPV bearing any functional apo-
ptotic suppressor, but not in cells infected with viruses
lacking a viral apoptotic suppressor or bearing mutant
p35, D87A or D84A. Interestingly, although the amounts
of viral DNA in vDp35/hrf-1 infected cells did not increase
after 12 h pi, a low level of virus DNA was detected
throughout the time-course. In contrast, the amounts of viral
DNA detected in wt AcMNPV and vAchrf-1-infected cells
increased throughout the time-course. In cells infected with
AcMNPV bearing alternative apoptotic suppressors, the
amounts of viral DNA increased early in infection, but the
amounts of viral DNA detected late in infection were
reduced. The relative amounts of viral DNA that accumu-
S.M. Thiem, N. Chejanovsklated in cells infected with AcMNPV bearing alternative
apoptotic suppressors correlated with our visual observation
that p35, but none of the other baculovirus apoptotic
suppressors, could block apoptosis throughout the entire
course of infection. We noted apoptotic cells in vDp35/p49-
infected-Ld652Y cells by 12 h pi and nearly complete
cellular destruction by 24 h pi. By 24 h pi, vDp35/Opiap-
and vDp35/Cpiap-infected cells were beginning to undergo
apoptosis, but apoptotic blebbing was more extensive in
vDp35/Opiap-infected cells with 30–50% of cells reduced
to apoptotic bodies. In vDp35/Cpiap-infected cells, ‘‘rasp-
berry-like’’ cells, but few apoptotic bodies, were observed
until 48 h pi, when all of the cells infected with any of the
other recombinant viruses had been reduced to apoptotic
bodies (data not shown). Next, we examined viral DNA
replication in the presence of peptide caspase inhibitors.
Cells were infected with either vDp35 or vDp35/hrf-1 and
treated with peptide caspase inhibitors, the cathepsin B
inhibitor FA, or DMSO alone. Viral DNA replication was
monitored using DNA dot-blots (Fig. 5B). Levels of viral
DNA increased in vDp35- and vDp35/hrf-1-infected cells
that were treated with peptide caspase inhibitors. In contrast,
the relative amounts of viral DNA present in DMSO- or FA-
treated cells did not increase. These data show that blocking
Fig. 6. DNA dot-blot analysis of AcMNPV DNA synthesis in Ld652Y cells
treated with FA. Cells were infected with the viruses indicated at the top of
the panel and treated with FA or with the DMSO carrier alone. The numbers
to the right of the panel indicate the times of postinfections that infected
cells were collected for analysis.
Fig. 5. DNA dot-blot analysis of the effects of different viral apoptotic
suppressors, peptide caspase inhibitors, and hrf-1 on viral DNA synthesis in
Ld652Y cells infected with recombinant AcMNPV. The infecting viruses
are indicated at the top of each column of the dot-array, and the time of
postinfection the infected-cells were harvested is indicated to the right of
the rows. (A) Viral DNA replication in cells infected with viruses bearing
diverse baculovirus apoptotic suppressors, mutant p35, or no apoptotic
suppressor (see Table 1). (B) Viral DNA replication in cells infected with
either vDp35 or vDp35/hrf-1 and treated with peptide caspase inhibitors or
the control peptide FA, as indicated at the top of each column.
S.M. Thiem, N. Chejanovsky / Virology 319 (2004) 292–305298apoptosis by either a baculovirus apoptotic suppressor or a
peptide caspase inhibitor promotes virus DNA replication in
AcMNPV-infected Ld652Y cells.
AcMNPV DNA replication in Ld652Y cells is inhibited by a
cathepsin inhibitor
Protein synthesis was stronger in FA-treated vDp35- and
vDp35/hrf-1-infected cells than in those treated with the
peptide caspase inhibitor DEVD (Fig. 3). Because FA
inhibits cathepsin B, this suggested a possible role for
cathepsin-B in the translation arrest mechanism. On the other
hand, DNA dot-blots indicated that little or no viral DNA
replication occurred in FA-treated cells (Fig. 5B). This
suggested an alternative explanation for sustained protein
synthesis in FA-treated cells. If FA impaired virus replica-
tion, relative levels of protein synthesis in FA-treated cells
should be similar to that of mock-infected cells because the
shut-off of host macromolecular synthesis observed in bacu-
lovirus-infected cells would not occur (Fig. 1D, lanes 16–
17). This is what we observed (Fig. 3, compare lanes 3 and 7with lane 9). To test this possibility, we examined the effects
of FA on viral DNA synthesis in Ld652Y infected with
AcMNPV, vAchrf-1, and vDp35/Cpiap, viruses that all
showed substantial DNA accumulation in previous experi-
ments, and in vDp35-infected cells where little viral DNA
accumulated (Fig. 5A). Infected cells were treated with either
FA or DMSO alone. Viral DNA replication was evaluated
using DNA dot-blots. Viral DNA accumulation was reduced
in AcMNPV-, vAchrf-1-, and Dp35/Cpiap-infected cells
treated with FA relative to those treated with DMSO alone,
but had no effect on viral DNA levels in Dp35-infected cells
(Fig. 6). These data support the idea that the more robust
translation in FA-treated cells relative to caspase inhibitor-
treated infected cells (Fig. 3) is most likely a secondary effect
due to reduced virus replication rather than to a direct effect
on translation. How FA reduces AcMNPV replication in
Ld652Y cells and a possible role for cathepsin B in the
AcMNPV replication cycle remains to be determined.
Peptide caspase inhibitors promote vDp35/hrf-1 replication
in Ld652Y cells
There was no noticeable reduction in protein synthesis in
vDp35-infected cells in the presence of peptide caspase
inhibitors. And although no polyhedra were observed, viral
proteins appeared to be synthesized in vDp35/hrf-1-
infected-Ld652Y cells treated with DEVD (Fig. 3, compare
bracketed bands in lanes 1 and 6). Because late viral
proteins are not synthesized in AcMNPV-infected Ld652Y
cells (Du and Thiem, 1997a; Thiem et al., 1996), we used
synthesis of the p39 capsid protein, a late protein, as a
marker for rescue of protein synthesis arrest. Western blot
S.M. Thiem, N. Chejanovsky / Virology 319 (2004) 292–305 299analysis was used to determine if blocking apoptosis with
peptide caspase inhibitors stimulated translation of p39
transcripts in vDp35/hrf-1-infected Ld652Y cells. Infected
cells were treated with each of the peptide caspase inhib-
itors, FA, or DMSO alone. Cells were harvested at 48 h pi.
Proteins were resolved by SDS-PAGE, transferred to mem-
branes, and probed with polyclonal antiserum against the
p39 capsid protein. Surprisingly, p39 was translated in
vDp35/hrf-1-infected cells treated with DMSO alone, dem-
onstrating that hrf-1 precluded late viral protein synthesis
arrest even in apoptotic cells. In fact, more p39 accumulated
in the DMSO-treated cells than in FA-treated cells (Fig. 7,
compare lanes 2 and 3), further supporting the idea that FA
had an inhibitory effect on AcMNPV replication in Ld652Y
cells. In contrast, the peptide caspase inhibitors enhanced
translation of the p39 capsid protein. In vDp35/hrf-1-
infected cells treated with any of the peptide caspase
inhibitors, the level of p39 accumulation was similar to
the levels of p39 detected in vAchrf-1-infected cells (Fig.Fig. 7. Virus production in Ld652Y cells infected with vDp35/hrf-1 and treated wi
different viral apoptotic suppressors. (A) Western blot analysis of infected Ld652
AcMNPV p39 capsid protein. The infecting viruses and peptide inhibitors used are
peptide inhibitors were treated with an equivalent amount of DMSO. The arrow t
Ld652Y cells infected with recombinant AcMNPV bearing different complements
pi by Ld652Y cells infected with different recombinant viruses. The infecting vir7A, compare lanes 4–6 with lane 1). This indicated that
although peptide caspase inhibitors did not trigger transla-
tion arrest, they could substitute for baculovirus apoptotic
suppressors to support AcMNPV replication in Ld652Y
cells when hrf-1 was present. We also determined whether
p39 was synthesized in cells infected with vDp35 or in cells
infected with Dp35 viruses that bore alternative baculovirus
apoptotic suppressors, but not hrf-1. As in AcMNPV-
infected Ld652Y cells (Thiem et al., 1996), we did not
detect p39 in Ld652Y cells infected with any of these
viruses (Fig. 7, lanes 7–11), indicating that hrf-1 was
required for translation of p39.
The detection of p39 in vDp35/hrf-1-infected Ld652Y
cells treated with DMSO alone prompted us to examine the
production of BVinDp35hrf-1-infected cells. Surprisingly, at
24 h pi, BV titers in vAchrf-1 and vDp35/hrf-1 were nearly
identical, whereas BVwas not produced in cells infected with
any of the other viruses, which all lack a functional hrf-1 gene
(Fig. 7B). The hrf-1 ORF in vAchrf-1 stop is truncated by ath peptide caspase inhibitors or FA, or with recombinant AcMNPV bearing
Y cells harvested at 48 h pi and probed with polyclonal antiserum against
indicated above each lane. The vDp35/hrf-1-infected cells not treated with
o the right of the panel indicates the position of p39. (B) BV production in
of apoptotic suppressors and hrf-1. Histogram showing BV production 24 h
uses are indicated at the bottom of the histogram.
S.M. Thiem, N. Chejanovsky / Virology 319 (2004) 292–305300stop codon and does not rescue translation arrest (Du and
Thiem, 1997b). These data support the idea that hrf-1
functions specifically to preclude translation arrest. As in
wt AcMNPV-infected Ld652Y cells, the late p39 protein was
not synthesized in cells infected with AcMNPV bearing
Cpiap, Opiap, or p49, nor was BV produced.Discussion
Global translation arrest in AcMNPV-infected Ld652Y
cells correlates strongly with inhibition of apoptosis by p35,
and with the onset of viral DNA replication during the late
stage of infection. In this study, the role of apoptosis in
AcMNPV-induced translation arrest was further investigated
using recombinant AcMNPV and peptide caspase inhibitors
(results summarized in Table 2). Infecting Ld652Y cells
with AcMNPV bearing a mutated, nonfunctional p35 does
not result in translation arrest, supporting the idea that the
anti-apoptotic activity of p35 is necessary to induce trans-
lation arrest in AcMNPV-infected Ld652Y cells. Additional
support for this notion is the finding that AcMNPV bearing
Opiap, Cpiap, or p49, baculovirus apoptotic suppressors that
function at different steps in the apoptotic cascade, also
induced global translation arrest (Fig. 1D). The importance
of both apoptotic suppressors and late events in the
AcMNPV replication cycle in global translation arrest is
further demonstrated by translation arrest in ts8, but not ts8/
Dp35-infected Ld652Y cells following shifts from the
permissive to nonpermissive temperatures at late times in
infection (Fig. 4). Late events in the virus life cycle were
required to induce global translation arrest; however, trans-
lation shut-off initiated earlier in the infection cycle before
the onset of DNA replication, as demonstrated by attenuated
protein synthesis in AcMNPV-infected Ld652Y cells in the
presence of the DNA synthesis inhibitor aphidicolin (Fig.Table 2
The effects of apoptotic inhibitors and hrf-1 on AcMNPV replication in Ld652Y
Virus Inhibitor hrf-1 Translation
arrest
A
AcMNPV p35  yes n
vP35-D87A p35 nonfunctional  no y
vP35-D84A p35 nonfunctional  no y
vDp35/Opiap Opiap  yes y
vDp35/Cpiap Cpiap  yes y
vDp35/p49 p49  yes y
vDp35 DEVD  no n
vDp35 VAD  no n
vDp35 IETD  no n
vDp35 FA  no n
vDp35 none  no y
vDp35/hrf-1 p35 + no n
vDp35/hrf-1 DEVD + no n
vDp35/hrf-1 VAD + no n
vDp35/hrf-1 IETD + no n
vDp35/hrf-1 FA + no n
vDp35/hrf-1 none + no y1C; Du and Thiem, 1997b). This observation parallels the
findings of LaCount and Friesen (1997) who found that
apoptosis initiated in vDp35-infected Sf21 cells early in
infection but extensive apoptosis did not occur until the
onset of viral DNA replication. Attenuation of translation
early in infection required the presence of a functional
apoptotic suppressor (Fig. 1C), but could be precluded by
hrf-1 (Du and Thiem, 1997b).
One of the remarkable features of AcMNPV-infected
Ld652Y cells is that although translation ceases and no
virus particles are produced, functional late viral gene tran-
scripts are made and viral DNA is replicated (McClintock et
al., 1986; Morris and Miller, 1993). Substituting peptide
caspase inhibitors for p35 in vDp35-infected Ld652Y cells
resulted in the accumulation of viral DNA over time,
indicating that new viral genomes were synthesized. How-
ever, in contrast to the baculovirus apoptotic suppressors,
peptide caspase inhibitors did not induce translation arrest in
vDp35-infected Ld652Y cells. Thus, although the role of
baculovirus apoptotic suppressors in inducing translation
arrest involves the inhibition of apoptosis, it appears to be
more complex than simply inhibiting caspase activity. One
possibility is that p35 facilitates or stimulates transcription,
recombination, or some other activity that initiates early, but
increases late in the replication cycle, which in turn trig-
ger(s) global translation arrest. For example, Gong and
Guarino (1994) found that p35 stimulated transcriptional
activation by IE-1. P35 was also required for late AcMNPV
gene transcription and viral DNA replication in in vitro
assays in Sf21 cells transfected with viral genes (Lu and
Miller, 1995; Todd et al., 1995). The requirement for p35 in
these assays has been attributed solely to its role in prevent-
ing virus infection-induced apoptosis during late gene
expression and viral DNA replication (Crouch and Passar-
elli, 2002; Manji and Friesen, 2001). The difference be-
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employed Sf21 cells, which are sensitive to apoptosis. In
contrast, Tn368 cells supported the replication of vDp35 and
were insensitive to AcMNPV-induced apoptosis in the
absence of any apoptotic suppressor (Clem et al., 1991;
Hershberger et al., 1992). On the other hand, AcMNPV
induced apoptosis in Cf203 cells and Sl2 cells although it
carries the apoptotic suppressor p35 (Chejanovsky and
Gershburg, 1995; Palli et al., 1996). In the case of
AcMNPV-infected Sl2 cells, the sensitivity to AcMNPV-
induced apoptosis was attributed to poor expression of p35
(Gershburg et al., 1997). Increased expression of p35
prevented apoptosis in AcMNPV-infected Sl2 cells, yet it
did not improve its ability to productively infect Sl2 cells or
S. littoralis larvae. Ld652Y cells appear to be particularly
sensitive to baculovirus-induced apoptosis. Apoptosis was
induced in Ld652Y cells when they were infected with the
baculoviruses, Bombyx mori (BmNPV), Hyphantria cunea
(HycuNPV), Spodoptera exigua (SeMNPV), O. pseudotsu-
gata (OpMNPV), or Spodoptera litura (SpltMNPV) (Ishi-
kawa et al., 2003). Interestingly, Ld652Y is the cell line
routinely used to propagate and study OpMNPV. Transla-
tion arrest in Ld652Y cells in response to AcMNPV
infection appears to be another manifestation of their
sensitive defensive response to baculovirus infection that
is linked in some manner to the apoptotic response. One
possibility is that translation arrest involves an interaction of
p35, and the other baculovirus apoptotic suppressors exam-
ined in this study, with the L. dispar host factors or signal-
transduction pathways that are countered by hrf-1.
AcMNPV bearing Opiap, Cpiap, or p49 all induced
translation arrest in Ld652Y cells, in the same manner as
AcMNPV, but none of these baculovirus apoptotic suppres-
sors were able to prevent apoptosis throughout the course of
infection. The leakiness of p49, Opiap, and Cpiap in block-
ing apoptosis through the late time points examined in this
study could be due to suboptimal expression in Ld652Y
cells because each of these genes are expressed from their
own promoters in the recombinant AcMNPV. Alternatively,
these apoptotic suppressors might be less effective in
supporting AcMNPV replication than the viruses from
which they were isolated, because they interact differently
with AcMNPV proteins than p35.
We also observed that the caspase negative control
peptide FA, a cathepsin inhibitor, prevented both the out-
ward signs of apoptosis and translation arrest in Dp35-
infected cells (Figs. 2 and 3). Further investigation revealed
that viral DNA did not accumulate in FA-treated cells
infected with viruses bearing viral apoptotic suppressors
(Fig. 6). Late viral protein accumulation in Dp35hrf-1-
infected cells was also reduced relative to caspase-inhibi-
tor-peptide-treated and untreated controls (Fig. 7A). These
data suggest that FA blocked virus replication, albeit not
completely. We also observed differences in the protein-
banding patterns in FA-treated cells relative to the caspase
inhibitor-treated and mock-infected cells (Fig. 2). A possibleinterpretation of the presence of smaller proteins (30 and 35
kDa) in all of the infected cells except those treated with FA
(Fig. 2, black arrowheads) is that they represent cleavage
products of the larger proteins (64 and 72 kDa) present in
the FA-treated cells (Fig. 2, white arrowheads). Further
study is needed to determine how FA inhibits AcMNPV
replication and whether cathepsin B has any role in
AcMNPV infection cycle.
How is the suppression of apoptosis by viral apoptotic
suppressors linked to translation arrest? A generalized
pathway for cellular responses to stimuli involves recogni-
tion or sensing of the stimuli to initiate a signaling pathway
that ultimately results in a response by the cell (Fig. 8A.).
The events occurring in AcMNPV-infected Ld652Y cells are
presented in Fig. 8B. Translation arrest and apoptosis may
share common triggers. The trigger(s) for baculovirus in-
fection-induced apoptosis is poorly understood. Possible
early triggers include cell cycle arrest, topological changes
in DNA structure, or DNA damage occurring as the result of
early gene activity of IE-1, IE-2, and PE38. The AcMNPV
replication cycle is initiated by the viral trans-activator IE-1.
IE-1 is one of the first viral genes expressed during infection
and it can induce apoptosis in the absence of AcMNPV
infection (Prikhod’ko and Miller, 1996; Zhang et al.,
2002b). PE38 enhances IE-1-induced apoptosis approxi-
mately twofold, but does not induce apoptosis when
expressed alone (Prikhod’ko and Miller, 1999). The product
of another early AcMNPV gene, IE-2, induces cell cycle
arrest (Prikhod’ko and Miller, 1998) and has recently been
shown to promote homologous recombination in AcMNPV-
infected cells (Crouch and Passarelli, 2002). Interestingly,
homologous recombination occurred in the absence of viral
DNA replication and in the presence of aphidicolin. Another
possible trigger is the shut-off of host transcription (Clem
and Miller, 1994). If these events trigger both apoptosis and
translation arrest, one model that could account for our data
is that blocking apoptosis increases signaling to the transla-
tion arrest pathway. During the late stages of the virus
infection, viral gene transcription, DNA replication, and
accumulating gene products would all increase, further
amplifying the signaling (Fig. 8C). Alternatively, there
may be more direct interactions or shared components
between the apoptotic pathways and translation arrest path-
ways. For example, linkage between the apoptotic pathway
and the translation arrest pathway through the pro-apoptotic
proteins GRIM and reaper is a possibility (Holley et al.,
2002; Yoo et al., 2002). The reason that peptide caspase
inhibitors do not trigger translation arrest in the same
manner as the virus-encoded apoptotic inhibitors remains
to be determined. Our results indicate that Ld652Y cells
have two interconnected defense mechanisms against bacu-
lovirus infection and suggest a model of how they may
interact. However, these data do not reveal whether hrf-1
acts directly on the translation machinery or indirectly by
blocking a signal transduction pathway leading to translation
arrest. This model provides a conceptual framework for
Fig. 8. Model for hrf-1 function in AcMNPV-infected Ld652Y cells. (A) A generalized pathway for cellular response to virus infection indicating the steps
required for a cell to respond to virus infection. (B) Diagram of the events occurring in Ld652Y cells infected with wt AcMNPV. Apoptotic and translation arrest
pathways are depicted as separate but potentially interconnected pathways. (C) A model for the hypothesized role of apoptotic suppressors on translation and
where hrf-1 might function to block translation. The apoptotic pathway is modeled on studies of apoptosis inDrosophila and of baculovirus apoptotic suppressors
(Richardson andKumar, 2002; Zoog et al., 2002). Because the translation arrest pathway has not been characterized, it is represented as box. The hypothesized role
for baculovirus apoptotic suppressors in stimulating late events in the AcMNPVreplication cycle is depicted by a dashed arrow and the possible events enclosed in
a dashed box. The strong trigger(s) for apoptosis and translation arrest that correlates with viral DNA replication, or other late events in the AcMNPV-infection
cycle, is depicted by the bold line arrows. Places where hrf-1 might function to block translation arrest are indicated by dashed ‘‘T’’ symbols.
S.M. Thiem, N. Chejanovsky / Virology 319 (2004) 292–305302further studies on the translational arrest mechanism and the
function of hrf-1 in AcMNPV-infected Ld652Y cells.Materials and methods
Cells and viruses
Insect cell lines Sf21 (Vaughn et al., 1977), TN368
(Hink, 1970), and Ld652Y (Goodwin et al., 1978) were
maintained in TC100 medium supplemented with 10% fetalbovine serum at 27 jC. Medium and serum were obtained
from Gibco, Life Sciences (Bethesda, MD). Viruses bearing
p35 were propagated in Sf21 cells; all others were propa-
gated in TN368 cells. Construction of the viruses used in
this study was previously described (Table 1). Ld652Y cells
infected at a multiplicity of infection (moi) of 10 pfu/cell
were used for all experiments. Cells were incubated with the
virus inoculum for 1 h with gentle rocking and then they
were washed once with medium and then fed with fresh
TC100 medium. The time when inoculum was removed and
cells refed was designated as time 0.
y / Virology 319 (2004) 292–305 303Protein synthesis
Translation arrest was evaluated by pulse labeling pro-
teins in virus-infected cells at different times during the viral
life cycle. Newly synthesized proteins were labeled by
incorporation of [35S]-methionine and [35S]-cysteine using
EXPRE35S35S labeling mix, >1000 Ci/mM (Dupont/NEN,
Boston, MA). Because AcMNPV-infected Ld652Y cells
detach from tissue culture plates, detached cells and apo-
ptotic bodies were recovered from tissue culture plates at
labeling times. Media was collected in sterile tubes and any
detached cells and apoptotic bodies were recovered by
centrifugation at 1500  g. The medium was then dis-
carded and the cells/apoptotic bodies were resuspended in
Met-TC100 and returned to their original tissue culture
plates. Equal amounts of label were added to each plate.
To determine the effect of DNA replication on protein
synthesis, Ld652Y cells were infected with replication-
defective temperature sensitive mutants. Cells were infected
with either ts8 or ts8Dp35 and incubated at the permissive
temperature (24 jC) until the time indicated. The tempera-
ture was then shifted to the nonpermissive temperature (33
jC) and protein synthesis was evaluated by incorporation of
[35S]-met and [35S]-cys, as described above. Infected cells
were incubated with [35S]-labeled amino acids in Met-
TC100 for 2 h following the temperature shift. Mock and ts8
controls were incubated at each temperature for the duration
of the experiment and collected at 24 h pi. Proteins were
resolved on 10% SDS-PAGE gels before autoradiography.
Translation of late baculovirus genes was evaluated by
the presence of the major capsid protein p39 using Western
blot analysis. Proteins were resolved on 10% SDS-PAGE
gels and electrophoretically transferred to Immobilon-P
membrane (Millipore Co., Bedford, MA). Membranes were
probed with polyclonal antiserum against p39 (Thiem and
Miller, 1989). Immunoreactive bands were visualized on
Biomax MR film (Kodak, Rochester, NY), using HRP-
conjugated secondary antibody purchases from Sigma/
Aldrich (St. Louis, MO) and the ECL chemiluminescence
kit (Amersham Biosciences, Piscataway, NJ) following the
manufacturers instructions.
Viral DNA replication
Dot-blots were used to evaluate viral DNA replication.
Viral DNAwas prepared for dot-blots by direct cell lysis and
DNA denaturation with saturated NaI as previously de-
scribed (Chen and Thiem, 1997). DNA equivalent to 1 
104 cells per sample was blotted onto Zeta-Probe mem-
branes using a vacuum dot-blot apparatus (BioRad, Rich-
mond, CA). Blots were probed with 32P-labeled AcMNPV
DNA labeled by nick-translation (Sambrook et al., 1989).
[a-32P]-dCTP, 3000 Ci/mM, was obtained from Dupont/
NEN. Hybridization was carried out at 65 jC using a 7%
SDS hybridization buffer and standard washing conditions
recommended for Zeta-Probe membranes by the manufac-
S.M. Thiem, N. Chejanovskturer (BioRad, Inc). Hybridization was visualized by expo-
sure of Biomax MR film (Kodak).
Caspase inhibitor experiments
Peptide caspase inhibitors z-DEVD-fmk, z-VAD-fmk, z-
IETD-fmk, and the caspase negative control peptide z-FA-
fmk were purchased from Calbiochem, San Diego, CA.
Inhibitors were added to infected cells following the 1-
h virus adsorption period, when the cells were refed with
TC100 medium. Stock solutions were prepared in DMSO
and added to the medium to a final concentration of 200
AM. For protein synthesis arrest experiments, inhibitors
were also added to the Met-medium to a final concentra-
tion of 200 AM. Controls, not treated with peptide inhib-
itors, were treated with equivalent volumes of DMSO.Acknowledgments
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